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Abstract:  Highly  porous  hydroxyapatite  (HA)  scaffolds  were 
developed  as  bone  graft  substitutes  using  a  template  coating 
process,  characterized,  and  seeded  with  bone  marrow- 
derived  mesenchymal  stem  cells  (BMSCs).  To  test  the 
hypothesis  that  cell-seeded  HA  scaffolds  improve  bone 
regeneration,  HA  scaffolds  without  cell  seeding  (HA-empty), 
HA  scaffolds  with  1.5  X  10'^  BMSCs  (HA-low),  and  HA  scaf¬ 
folds  with  1.5  X  10®  BMSCs  (HA-high)  were  implanted  in  a 
10-mm  rabbit  radius  segmental  defect  model  for  4  and  8 
weeks.  Three  different  fluorochromes  were  administered  at  2, 

4,  and  6  weeks  after  implantation  to  identify  differences  in 
temporal  bone  growth  patterns.  It  was  observed  from  fluo¬ 
rescence  histomorphometry  analyses  that  an  increased  rate 
of  bone  infiltration  occurred  from  0  to  2  weeks  (p  <  0.05)  of 
implantation  for  the  HA-high  group  (2.9  ±  0.5  mm)  as  com¬ 
pared  with  HA-empty  (1.8  ±  0.8  mm)  and  HA-low  (1.3  ±  0.2 
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mm)  groups.  No  significant  differences  in  bone  formation 
within  the  scaffold  or  callus  formation  was  observed  between 
all  groups  after  4  weeks,  with  a  significant  increase  in  bone 
regenerated  for  all  groups  from  4  to  8  weeks  (28.4%  across 
groups).  Although  there  was  no  difference  in  bone  formation 
within  scaffolds,  callus  formation  was  significantly  higher  in 
HA-empty  scaffolds  (100.9  ±  14.1  mm®)  when  compared  with 
HA-low  (57.8  ±  7.3  mm®;  p  <  0.003)  and  HA-high  (69.2  ±  10.4 
mm®;  p  <  0.02)  after  8  weeks.  These  data  highlight  the  need 
for  a  better  understanding  of  the  parameters  critical  to  the 
success  of  cell-seeded  HA  scaffolds  for  bone  regeneration.  © 
2013  Wiley  Periodicals,  Inc.  J  Biomed  Mater  Res  Part  A:  102A:  1458- 
1466,  2014. 
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INTRODUCTION 

Long  bone  fractures  and  their  potential  complications, 
including  bony  nonunions,  remain  a  significant  financial, 
emotional,  and  physical  burden  despite  years  of  research  to 
address  this  problem.  The  search  for  substitutes  for  autolo¬ 
gous  bone  grafting  applications  has  led  to  the  development 
of  scaffolds  composed  of  a  variety  of  materials,  including 
hydroxyapatite  (HA],  a  well-known  biocompatible  calcium 
phosphate  ceramic.  HA  has  several  qualities  that  may  make 
it  an  alternative  option  for  the  treatment  of  long-bone  frac¬ 
tures,  including  its  ability  to  integrate  with  host  bone  and 
the  possession  of  elastic  properties  that  is  similar  to  native 
bone.^  The  archetypical  approach  for  achieving  maximal 
bone  tissue  regeneration  has  been  to  integrate  combinations 
of  osteoconductive  scaffolds,  an  osteoinductive  milieu,  and 
an  osteogenic  cell  population  to  maximize  fracture  healing.^ 
With  regard  to  HA  scaffolds,  one  of  its  putative  roles  in 
bone  regeneration  is  to  act  as  an  osteoconductive  structure. 
Some  investigators  have  shown  that  the  bone  restorative 
potential  of  HA  scaffolds  can  further  be  improved  when 


combined  with  mesenchymal  stem  cells  (MSCs].®"^  The  find¬ 
ing  that  repair  of  long-bone  defects  is  accelerated  in 
patients  if  implanted  with  osteoprogenitor  cell-seeded  HA 
scaffolds  gives  clinical  support  for  the  cell-based  approaches 
utilizing  HA  scaffolds.®  Although  tissue-engineering  strat¬ 
egies,  including  cell  seeding,  have  predominantly  led  to 
improved  bone  regeneration,  cell-seeded  scaffolds  have  also 
been  suggested  to  performed  no  better  than,  or  are  inferior 
to,  empty  scaffolds.^®  The  lack  of  performance  by  cell- 
seeded  HA  scaffolds  in  some  studies  raises  the  possibility 
that  the  use  of  cell-seeded  HA  scaffolds  may  result  in  a 
spectrum  of  possible  in  vivo  outcomes,  especially  when  con¬ 
sidering  the  wide  range  of  animal  models  used.  The  utility 
of  MSCs  for  bone  tissue  engineering  has  extended  beyond 
its  differentiation  potential,  including  their  modulatory 
effects  on  the  host  tissue  through  the  secretion  of  trophic 
factors.®  For  example,  it  was  recently  reported  that  the 
seeding  of  HA  scaffolds  with  MSCs  influenced  the  type  of 
ossification  (endochondral  versus  intramembranous]  and 
the  cascade  of  bone  formation,  which  may  be  due,  at  least 
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in  part,  to  the  progenitor  ceiis  that  they  recruit.^”'^^  Impor¬ 
tantly,  these  effects  are  dependent  on  the  differentiation  sta¬ 
tus  of  the  implanted  cells  and  can  be  affected  by  the 
conditions  under  which  celi  cultures  are  expanded/®’^^  As  a 
result,  these  differences  may  potentially  be  attributed  to 
changes  in  the  secretion  profile  of  trophic  factors. 

Other  plausible  explanations  for  the  variable  effects  of 
cell-seeded  scaffolds  on  bone  formation  include  different 
seeding  densities,  thereby  possibly  resulting  in  variations  of 
secreted  MSC  trophic  factors.'^’^^'^'^  In  support  of  this  conten¬ 
tion,  temporal  differences  in  gene  expression  were  observed 
when  MSCs  were  seeded  at  low,  medium,  and  high  densities, 
suggesting  the  need  and  the  importance  of  understanding 
seeding  density  in  a  three-dimensionai  [3D]  scaffold.^^  As 
such,  in  order  for  the  beneficial  effects  of  scaffold  seeding  to 
be  fully  realized,  a  detaiied  understanding  of  the  conditions 
required  for  maximal  bone  regeneration  needs  to  be  eval¬ 
uated.^®  In  the  current  study,  porous  interconnected  HA  scaf¬ 
folds  were  seeded  with  bone  marrow-derived  MSCs  [BMSCs], 
and  the  construct  was  implanted  in  a  rabbit  radius  segmentai 
defect  model  to  test  the  hypothesis  that  cell-seeded  HA  scaf¬ 
folds  improve  bone  regeneration.  Using  two  different  cell 
seeding  densities,  a  secondary  objective  was  to  determine  the 
effect  of  seeding  density  on  bone  regeneration. 

MATERIALS  AND  METHODS 
Animals 

This  study  was  conducted  in  compliance  with  the  Animai 
Weifare  Act  and  the  Impiementing  Animal  Welfare  Regula¬ 
tions  and  in  accordance  with  the  principles  of  the  Guide  for 
the  Care  and  Use  of  Laboratory  Animais.  Aii  animal  proce¬ 
dures  were  approved  by  the  U.S.  Army  Institute  of  Surgicai 
Research  Animal  Care  and  Use  Committee.  Female  skeletally 
matured  New  Zealand  white  rabbits  were  housed  in  a  vivar¬ 
ium  accredited  by  the  Association  for  Assessment  and 
Accreditation  of  Laboratory  Animal  Care  International. 

Experimental  design 

To  determine  whether  seeding  HA  scaffolds  with  BMSCs 
improves  bone  regeneration  and  whether  the  extent  of  bone 
regeneration  was  affected  by  seeding  density,  rabbits  with  a 
1-cm  radial  defect  were  implanted  with  one  of  the  following 
three  scaffolds:  [1]  HA  scaffold  alone  [HA-empty],  [2]  HA 
scaffold  seeded  with  a  relatively  low  density  of  cells  [1.5  X 
10''’  ;  HA-low],  and  [3]  HA  scaffold  seeded  with  a  reiatively 
high  density  of  ceiis  [1.5  X  10®;  HA-high].  With  a  sampie 
size  of  10  scaffolds  per  group,  the  animals  were  euthanized 
at  4  and  8  weeks  after  surgery.  Fluorochrome  injections 
were  performed  at  2,  4,  and  6  weeks  after  injection  to  eval¬ 
uate  the  rate  of  bone  formation  within  the  scaffold.  Histo¬ 
logical  analyses  and  microcomputed  tomography  [pCT] 
were  performed  on  these  scaffolds  4  and  8  weeks  after 
implantation. 

Scaffold  preparation 

Using  a  previousiy  described  template  coating  process, 
porous  fully  interconnected  HAp  scaffoids  were  prepared.'^^’'^® 
Briefly,  pol3mrethane  sponges  [EN  Murray,  Denver,  CO]  with  a 


mean  pore  size  of  340  pm  were  used  as  templates  for  the 
scaffolds.  The  templates  were  designed  to  mimic  a  10-mm 
rabbit  radius  segmental  defect  model  and  had  an  elliptical 
cross  section  to  match  explanted  bone,  which  averaged  a  5- 
mm  major  axis  and  a  3-mm  minor  axis.  The  templates  were 
then  coated  twice  in  distiiled  water-based  HA  slurry.  Coated 
sponges  were  then  vacuum  dried  overnight  before  sintering 
to  1230°C  for  3  h  in  a  high-temperature  furnace  [Thermo- 
lyne,  Dubuque,  lA].  All  scaffolds  were  sterilized  with  ethylene 
oxide  gas  before  implantation.  Before  animal  implantation, 
the  porosity  of  the  scaffolds  was  characterized  by  using 
heiium  pycnometiy  [Accupyc  1340;  Norcross,  GA]  and  pCT 
analysis  on  a  Skyscan  1076  [Skyscan,  Kontich,  Belgium].^^ 

BMSC  isolation  and  culture 

To  harvest  bone  marrow  aspirates  from  rabbits,  the  area 
overlying  the  tibia  and  iliac  crest  was  aseptically  prepared, 
and  a  15-gauge  aspiration  needle  was  inserted  into  the 
bone  marrow  compartment  using  an  EZ-IO  drili  [Vidacare 
Corporation,  Shavano  Park,  TX]  into  two  female  New  Zea¬ 
land  white  rabbits.  Bone  marrow  aspirates  were  coilected 
with  a  syringe  containing  heparin  [1000  units]  [Sigma]  and 
the  voiume  of  aspirate  limited  to  decrease  peripherai  biood 
diiution.^®  After  the  addition  of  Ficoll-Paque  PLUS  [Stem 
Cell  Technologies],  aspirates  were  centrifuged  at  500^:  for 
10  min.  The  bufly  coat  layer  was  removed  and  washed  by 
centrifuging  two  times  for  10  min  at  500^  in  phosphate- 
buffered  saiine  [PBS]  containing  2  mM  of  ethylenediamine- 
tetraacetate  [EDTA].  The  nucleated  cells  were  seeded  on  tis¬ 
sue  culture  treated  flasks  in  alpha  minimum  essential 
medium  [alpha-MEM]  supplemented  with  20%  fetal  calf 
serum  [FCS],  100  pg/mL  streptomycin,  100  U/mL  peniciiiin, 
and  2  mM  L-giutamine.  After  48  h,  nonadherent  ceiis  were 
removed;  media  were  changed  twice  weekly  until  75%  con¬ 
fluent,  at  which  time  they  were  frozen  [passage  0].  Cells 
were  later  thawed  and  expanded  in  aipha-MEM  supple¬ 
mented  with  20%  FCS,  100  pg/mL  streptomycin,  100  U/mL 
penicillin,  and  2  mM  L-glutamine.  At  passage  3  or  4,  cells 
were  detached  with  0.25%  trypsin  and  1  mM  EDTA, 
counted  with  a  hemacytometer,  and  used  to  seed  scaffolds. 

Cell  characterization 

A  subset  of  cultures  was  seeded  on  to  tissue  culture  plates 
and  treated  with  the  following  osteogenic  induction  media: 
ascorbic  acid  [50  pg/mL],  |3-glycerophosphate  [5  mM],  and 
dexamethasone  [10  nM];  or  with  adipogenic  induction 
media:  isobutylmethyixanthine  [0.5  mM]  indomethacin  [200 
pM],  insuiin  [10  pM],  dexamethasone  [1  pM],  and  cigiita- 
zone  [10  pM]  in  Dulbecco’s  MEM  containing  10%  FCS,  100 
pg/mL  streptomycin,  100  U/mL  penicillin,  and  2  mM  t-giu- 
tamine.  After  3  weeks  of  culture,  cells  were  stained  with 
Alizarin  Red  or  Oil  Red-0  to  confirm  their  osteogenic  and 
adipogenic  differentiation  potential,  respectively. 

Scaffold  seeding 

HA  scaffolds  were  seeded  24  h  before  surgery  with  1.5  X 
lO''  [HA-iow]  and  1.5  X  10®  [HA-high]  BMSCs.  This  density 
approximates  that  previousiy  described  by  Kruyt  et  al.,'^^ 
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FIGURE  1.  Verification  of  the  differentiation  potentiai  of  the  rabbit  BMSCs  and  scaffoid  seeding  procedure.  A  subset  of  rabbit  MSCs  used  in  the 
study  maintained  their  muitidifferentiation  potentiai  as  demonstrated  by  (a)  adipogenic  and  (b)  osteogenic  differentiation  assessed  after  3  weeks 
of  cuiture.  (c)  Human  bone  marrow  stromai  celis  seeded  on  hydroxyapatite  scaffoids  increased  ceii  number  over  22  days.  *Significantiy  different 
than  day  1  (p  <  0.05).  Bar  =  100  pM.  [Coior  figure  can  be  viewed  in  the  oniine  issue,  which  is  avaiiabie  at  wiieyoniineiibrary.com]. 


where  differences  in  cell  density  on  porous  diphasic  calcium 
phosphate  resulted  in  different  levels  of  hone  formation  in 
ectopically  implanted  constructs  in  vivo.  All  scaffolds  (10  X 
5  mm]  were  placed  In  48-well  plates  and  treated  with  vac¬ 
uum  in  0.75-mL  20%  FCS,  100  pg/mL  streptomycin,  100  U/ 
mL  penicillin,  and  2  mM  L-glutamine  for  30  min.  Cells  were 
seeded  perpendicularly  In  20  pL  of  media  to  one  side  at 
four  different  locations  along  the  scaffold.  The  scaffold  was 
turned  over  10  min  later,  and  the  process  was  repeated. 
Two  hours  later,  0.25  mL  of  the  same  medium  was  added  to 
the  scaffold.  The  effectiveness  of  the  scaffold  seeding  was 
verified  using  human  hone  marrow  stromal  cells  (STEM¬ 
CELL  Technologies,  Vancouver,  Canada).  Briefly,  7.5  X  10^ 
cells  were  seeded  on  to  5  X  5  mm  scaffolds  in  24-well 
plates  and  then  transferred  to  a  48-well  plate  containing 
the  media  described  above.  The  scaffolds  used  for  seeding 
verification  were  one-half  the  length  of  those  used  for  the 
study  in  vivo;  therefore,  one-half  the  number  of  cells  were 
used  to  maintain  the  appropriate  seeding  density.  For  seed¬ 
ing  verification,  cells  were  cultured  for  22  days.  The  relative 
number  of  live  cells  was  measured  by  using  the  CellTiter- 
FluorTM  (Promega)  cell  viability  assay  similar  to  the  manu¬ 
facturer’s  recommendation. 


Surgery 

A  unilateral  10-mm  segmental  defect  was  created  in  the  left 
radial  diaphysis  similar  to  that  previously  described.^® 
Briefly,  following  a  20-mm  incision  over  the  middle  third  of 
the  radius  and  dissection  of  the  overlying  tissues  to  expose 
the  radial  diaphysis,  a  10-mm  segmental  defect  was  created 
with  an  oscillating  saw  under  copious  irrigation  with  normal 
saline.  The  defect  site  was  implanted  with  the  scaffold 
appropriate  to  the  group;  immediately  after  implantation, 
the  soft  tissues  were  approximated  with  a  continuous  2-0 
Vicryl  (Ethicon,  Somerville,  NJ],  and  the  skin  was  closed  with 
deep  dermal  stitches  using  a  3-0  Vicryl  (Ethicon).  Internal 
fixation  was  not  necessary  because  of  the  fibro-osseous  syn¬ 
desmosis  between  the  ulna  and  the  radius.  Immediately  after 
surgery  and  at  the  time  of  killing,  radiographs  were  made  of 


the  defect  limbs.  Surgeries  that  resulted  In  a  sum  distance 
between  the  proximal  and  the  distal  interface  between  the 
scaffold  and  radius  >  1.25  mm  based  on  radiographic  evalu¬ 
ation  of  the  surgery  following  implantation  were  not 
included.  Thus,  the  following  sample  sizes  were  used  for  all 
pCT  and  histological  analyses:  4  week  HA-empty  (n  =  9),  4 
week  HA-low  (n  =  9),  HA-high  (n  =  9),  8  week  HA-empty  (n 
=  6),  8  week  HA-low  (n  =  10),  and  8  week  HA-high  (n  = 
8). 

Polyfluorochrome  sequential  labeling  and 
histomorphometry 

Rabbits  received  sequential  fluorochrome  labels  at  2  weeks 
(calcein  green,  10  mg/kg  intramuscular),  4  weeks  (xylenol 
orange,  60  mg/kg  intramuscular),  and  6  weeks  (teracycline, 
25  mg/kg  Intramuscular)  following  scaffold  implantation  to 
evaluate  new  bone  formation  in  the  scaffolds.  The  dosages, 
route,  and  timing  of  fluorochrome  administration  were  simi¬ 
lar  to  that  previously  described.^^’^^  At  4  and  8  weeks  after 
scaffold  implantation,  specimens  were  removed  and  placed 
in  formalin.  Tissue  blocks  containing  scaffolds  were  later 
processed  through  a  dehydration  and  infiltration  method 
(Exakt,  Oklahoma  City,  OK)  for  14  d  via  a  tissue  processer 
(Leica  TP1020  system;  Bannockburn,  IL).  Samples  were  then 
embedded  In  photocuring  resin  (Technovit  7200  VLC;,  Kulzer, 
Germany)  and  polymerized  under  blue  light  for  24  h.  Block 
samples  were  adhered  to  a  parallel  plexiglass  slide  using  the 
Exakt  7210  VLC  system.  Longitudinal  sections  of  the  sample 
were  then  cut  (200-300  pm)  using  a  diamond  precision  par¬ 
allel  saw  (Exakt-Apparatebau  Hermann,  Norderstedt,  Ger¬ 
many).  The  cut  slides  were  subjected  to  grinding  (50- 
100pm)  and  polishing  (Exakt  400  CS,  AW  110)  and  viewed 
using  a  fluorescent  microscope  (Leica  DM16000B,  Buffalo 
Grove,  IL).  Prepared  slides  were  imaged  for  polyfluoro¬ 
chrome  stains  using  filter  cubes  (ex/em:  L5  480/527,  N3 
546/600,  Chroma  425/475LP).  Image  channels  were  merged 
in  red-green-blue  profiles  corresponding  to  the  2-,  4-,  and  6- 
week  bone  front  with  an  additional  layer  for  phase  contrast 
imaging  of  the  final  bone  front  at  8  weeks.  All  bone  fronts 
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4  weeks 


8  weeks 


(b) 


FIGURE  2.  i-lCT  of  defects:  (a)  longitudinal  jiCT  cross  sections  of  the  treated  rabbit  radius  defect  after  4  and  8  weeks  show  diffuse  bone  formation 
at  4  weeks  and  more  mature  ossified  tissue  within  the  scaffolds  after  8  weeks.  In  addition  to  proximal  and  distal  growth  fronts,  significant  callus 
ossification  is  also  observed,  (b)  Three-dimensional  tissue  volume  measurement  from  jiCT  data  Indicated  comparable  bone  volume  within  the 
scaffolds  in  all  three  treatment  groups  after  4  and  8  weeks.  However,  the  callus  bone  volume  was  significantly  greater  In  the  control  group  than 
in  the  low  cell  density  group  after  8  weeks.  Bone  within  the  scaffold  (p  =  0.016)  and  in  the  callus  (p  <  0.001)  increased  significantly  in  the  no 
cell  group  from  4  to  8  weeks  (*).  After  8  weeks,  the  callus  mineralization  of  HA-empty  was  significantly  greater  (#)  than  that  of  the  HA-low  (p  = 
0.003)  and  HA-hIgh  (p  =  0.049)  groups.  [Color  figure  can  be  viewed  in  the  online  issue,  which  is  available  at  wileyonlinelibrary.com]. 

were  identified  corresponding  to  the  infiltration  depth  into  measurements  were  distances  from  the  defect  origin  [origi- 

the  scaffold.  Bone  front  measurements  were  obtained  by  nal  saw  cut}  to  the  farthest  continuous  presence  of  fluores- 

using  histomorphometry  (Bioquant  Osteo,  Nashville,  TN].  All  cence  labeling.  Total  infiltration  length  included  both 
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B)  Distance  from  proximal  interface  of  defect  (mm) 

FIGURE  3.  The  distribution  of  ossified  caiius  around  the  scaffold  within  the  defect  space  after  (a)  4  and  (b)  8  weeks  indicated  that  while  the  cell- 
seeded  groups  showed  uniform  callus  ossification  throughout  the  length  of  the  defect,  within  the  empty  scaffold  group  there  was  greater  ossifi¬ 
cation  around  the  interfaces.  [Color  figure  can  be  viewed  in  the  online  issue,  which  is  available  at  wileyonlinelibrary.com]. 


proximal  and  distal  growth  fronts.  Diffuse  bone  formation 
was  classified  as  labeled  bone  occurring  within  the  scaffold 
but  not  directly  connected  to  the  proximal  or  distal  bone 
fronts  and  was  excluded  from  the  infiltration  length 
measurements. 


Micro-CT  evaluation 

Following  killing,  pCT  analyses  were  performed  on  all  sam¬ 
ples  before  histological  evaluation.  Micro-CT  analysis  was  per¬ 
formed  using  Skyscan  1076  [Skyscan]  at  an  8.77-pm  pixel 
resolution  while  hydrated  with  formalin.  The  images  were 
reconstructed  with  NRecon  software  [Skyscan]  to  generate 


FIGURE  4.  The  mineralized  tissue  density  of  the  callus  volume  after  4 
and  8  weeks  for  the  control,  low,  and  high  cell-seeded  groups.  There 
was  a  significant  difference  (*)  between  the  HA-empty  and  HA-low 
(p  =  0.013)  and  across  all  groups  between  4  and  8  weeks  (p  =  0.024). 


gray-scale  images  ranging  from  0  to  255,  which  was  equiva¬ 
lent  to  the  density  range  of  0.81  to  3.34  gm/cm^.  The  pCT 
reconstructed  axial  slices  were  then  evaluated  by  using  CT 
software  [Skyscan]  to  determine  the  bone  regeneration  pat¬ 
terns  in  vivo  in  terms  of  growth  profiles  and  overall  bone  vol¬ 
ume.  New  bone  evaluation  was  based  on  differences  in 
density  between  the  scaffold  [2.5  gm/cm^  mean]  and  the 
newly  forming  osteoid  or  remodeling  native  bone  [1.2-1. 7 
gm/cm^].  The  pCT  images  were  correlated  with  correspond¬ 
ing  Alizarin  Red-stained  histological  slides  to  confirm  appro¬ 
priateness  of  thresholds.  The  volume  of  interest  was  a  3D 
volume  that  extended  over  the  10-mm  defect  space  created  at 
the  time  of  surgery.  Unique  regions  of  interest  were  defined 
for  the  ulna  and  the  defect  space  occupied  by  the  scaffold  by 
manually  circumscribing  the  external  perimeter  of  the  ulna 
and  scaffold  space  every  0.2  mm  over  the  10-mm  defect  and 
interpolating  between  selections.  New  bone  formation  around 
the  scaffold  that  was  outside  these  regions  was  measured  as 
the  callus  bone  volume.  The  callus  mineralized  tissue  area  in 
each  8.77-pm  section  of  this  10-mm  defect  space  was  com¬ 
puted  for  all  three  treatments  to  observe  the  trends  in  callus 
mineralization  along  the  length  of  the  defect  from  the  proxi¬ 
mal  to  the  distal  interface.  Within  the  defect  region  of  inter¬ 
est,  the  total  bone  regenerated  within  the  scaffold  and  the 
total  scaffold  volume  were  independently  measured. 


Statistical  analysis 

The  normal  distribution  of  the  data  was  evaluated  with  the 
Shapiro-Wilk  Normality  Tests  and  verified  with  quantile 
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Week  2  Week  4  Week  6  Proximal 


HA-High  Distal 


E)  Time  (weeks) 


FIGURE  5.  (a)  Fluorochromes  injected  to  assess  bone  formation  after 
2  (blue),  4  (red),  and  6  (orange)  weeks  indicated  continued  bone  infil¬ 
tration  and  infiltration  in  HA-empty  (a),  HA-low  (b),  and  HA-high  (c) 
groups  at  both  interfaces  and  over  each  2-week  period,  (e)  Total  bone 
infiltration  length  as  a  function  of  time  between  labels.  HA-high  scaf¬ 
folds  demonstrated  an  increase  (*)  in  infiltration  from  week  0  to  2 
compared  with  HA-low  and  HA-empty  groups  (p  <  0.05).  The  rate  of 
bone  infiltration  decreased  significantly  in  the  HA-high  group  between 
the  2-  to  4-,  4-  to  6-,  and  6-  to  8-week  time  points  (#).  [Color  figure 
can  be  viewed  in  the  online  issue,  which  is  available  at 
wileyonlinelibrary.com]. 


plots.  Significance  differences  in  pCT  volume,  area  and  min¬ 
eral  density  measures,  and  quantitative  histological  analyses 
reported  were  determined  using  two-way  analysis  of  var¬ 
iance  (ANOVA),  with  a  Tukey's  test  for  post  hoc  evaluation. 
Significance  in  relative  change  from  4  to  8  weeks  was  deter¬ 
mined  using  one-way  AN OVA  and  Tukey’s  test  for  post  hoc 
evaluation.  Significance  levels  were  set  at  p  <  0.05  for  all 
statistical  measures  reported.  All  data  was  reported  as 
mean  ±  standard  error  of  the  mean. 


RESULTS 

Scaffold  characterization 

The  scaffolds  used  in  this  study  had  a  mean  scaffold  poros¬ 
ity  of  65.5  ±  4.5%  as  indicated  by  the  helium  pycnometry 
and  corroborated  by  the  pCT  analysis  (65.48  ±  4.7%].  The 
pCT  morphometric  analysis  also  indicated  that  the  trabecu¬ 
lar  thickness  of  the  scaffolds  was  209  ±  7  pm,  the  trabecu¬ 
lar  spacing,  which  corresponds  to  pore  size  was  440  ± 
40  pm,  and  the  scaffold  surface  to  volume  ratio  was  16.9  ± 
1.3  mm“\ 

Cell  characterization  and  scaffold  seeding 

The  differentiation  potential  of  the  rabbit  bone  marrow- 
derived  MSCs  was  confirmed  using  standard  histological 
techniques  for  confirming  osteogenic  and  adipogenic  poten¬ 
tials  [Fig.  l(a,b}].  The  cells  stained  positive  for  Oil  Red-0 
and  Alizarin  Red  indicative  of  their  multidifferentiation 
potential.  The  effectiveness  of  the  scaffold  seeding  was  dem¬ 
onstrated  by  using  human  bone  marrow  stromal  cells.  As 
shown  in  Figure  l(c},  cell  number  was  greater  than  control 
by  8  days  after  seeding  and  remained  elevated  in  vitro 
through  22  days  after  seeding.  The  presence  of  viable, 
proliferation-competent  cells  24  h  after  seeding  verified  the 
success  of  the  cell  seeding  procedure. 

Micro-CT  evaluation 

There  were  three  distinct  fronts  of  bone  formation:  from 
the  proximal  interface,  the  distal  interface,  and  the  interos¬ 
seous  syndesmosis  that  spanned  from  the  ulna  to  the 
radius,  similar  to  previous  observations.^®  As  shown  in  Fig¬ 
ure  2(a,b],  the  regenerated  bone  volume  within  the  scaffold 
as  well  as  the  callus  volume  increased  for  all  groups 
between  4  and  8  weeks  and  were  significantly  different  at  8 
weeks  in  the  HA-empty  group  (p  <  0.05].  There  was  no  sig¬ 
nificant  difference  between  groups  in  terms  of  bone  forma¬ 
tion  within  the  scaffold  at  4  or  8  weeks  [Fig.  2[b]].  Figure 
2(b]  shows  that  the  callus  volume  was  significantly  greater 
in  HA-empty  than  in  both  the  HA-high  (p  =  0.02]  and  HA- 
low  [p  =  0.003]  groups  at  8  weeks  after  implantation.  Cor¬ 
respondingly,  the  rate  of  callus  formation  between  4  and  8 
weeks  was  significantly  higher  in  HA-empty  than  in  HA-low 
or  HA-high  (p  <  0.05]  groups.  The  spatial  callus  regenera¬ 
tion  patterns  across  the  length  of  the  scaffold  indicated  that 
all  groups  showed  greater  callus  volume  at  the  interfaces 
when  compared  with  the  interior.  In  addition,  all  groups 
showed  greater  callus  formation  at  the  proximal  interface 
than  at  the  distal  interface,  a  trend  that  was  most  promi¬ 
nent  in  the  HA-empty  group.  After  4  weeks,  a  paired  analy¬ 
sis  indicated  that  HA-high  >  HA-low  >  HA-empty  group  in 
terms  of  callus  formation  [Fig.  3[a]].  However,  after  8 
weeks'  implantation,  the  callus  formation  in  the  HA-empty 
>  HA-high  >  HA  low  group  for  every  location  across  the 
length  of  the  scaffold  [Fig.  3(b]].  These  trends  indicated  that 
the  observed  differences  in  callus  formation  rates  between 
groups  were  not  simply  due  to  interfacial  fronts  of  ossifica¬ 
tion.  The  measured  callus  density  within  all  groups  was  sig¬ 
nificantly  greater  at  8  weeks  than  at  4  weeks.  In  addition, 
the  callus  density  in  HA-empty  was  significantly  greater  at 
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HA  -  Empty  HA  -  Low  HA  -  High 


FIGURE  6.  Fluorescence  indicative  of  osteoid  bone  (white  arrows,  Ob.)  was  observed  in  proximity  to  scaffolds  but  not  within  bone  front  (demar¬ 
cated  by  blue  dash,  B.F.).  Empty  scaffolds  (a)  demonstrated  limited  formation  of  diffuse  labeled  osteoid  (within  defect  but  not  adjacent  to  the 
bone  front)  while  both  low  (b)  and  high  (c)  cell-seeding  demonstrated  strong  evidence  of  bone  formation  initiating  directly  from  the  scaffold  sur¬ 
face.  [Color  figure  can  be  viewed  in  the  online  issue,  which  is  available  at  wileyonlinelibrary.com]. 


both  4  and  8  weeks  than  HA-low  but  not  HA-high  [Fig.  4] 
groups. 

Fluorescence  histomorphometry 

Using  longitudinal  cross  sections  of  the  scaffolds,  the  length 
of  bone  infiltration  was  measured  from  the  original  defect 
cut  to  the  farthest  continuous  presence  of  fluorescence 
labeling  occurring  at  weeks  2,  4,  and  6  [Fig.  5[a-e]],  with 
final  measurement  of  the  bone  front  identified  by  phase 
contrast  imaging  at  8  weeks.  The  HA-high  group  had  a  sig¬ 
nificantly  higher  rate  of  bone  infiltration  than  the  HA-empty 
group  at  2  weeks  but  not  at  any  other  time  point  [Fig.  5[b], 
p  <  0.05].  In  addition,  the  high-cell  group  showed  a  signifi¬ 
cant  reduction  from  4  to  6  and  6  to  8  weeks  in  infiltration 
length  [Fig.  5[e}].  Diffuse  bone,  bone  not  directly  connected 
to  the  bone  fronts  or  included  in  infiltration  length  meas¬ 
urements,  was  observed  where  fluorescence  labels  were 
found  surrounding  scaffold  struts  [Fig.  6[a-c}]  distributed 
through  the  interior  of  the  scaffold.  The  osteoid  shown  in 
these  figures  corresponded  with  the  single  layer  of  bone 
cells  found  only  at  the  2-week  time  point  and  was  found 
extensively  In  the  cell-seeded  HA  groups  as  measured  by 
the  presence  or  absence  of  label  distinct  from  the  bone 
front  in  each  sample  [Table  I]. 

DISCUSSION 

The  primary  objective  of  this  study  was  to  determine 
whether  the  addition  of  BMSCs  would  accelerate  bone 
regeneration  in  a  rabbit  radius  segmental  defect  model. 


TABLE  I.  Diffuse  Bone  Formation  Unconnected  With  the 
Infiltrating  Bone  Front  (Representative  Images  in  Fig.  6)  Is 
Present  in  Cell-Seeded  Scaffold 


Group 

Samples  With 

Diffuse  Bone  (N) 

Percentage 

HA-empty 

1/6 

12.5 

HA-low 

9/10 

90.0 

HA-high 

8/8 

100.0 

Scaffolds  were  analyzed  for  the  presence  or  absence  of  bone  for¬ 
mation  directly  on  the  scaffold  surface  unconnected  with  the  infiltrat¬ 
ing  bone  fronts. 


Based  on  a  number  of  previous  findings^'®'^^”^®  indicating 
improved  healing  when  BMSCs  were  used  to  augment  bone 
repair  using  a  variety  of  scaffolds  and  defect  models,  the 
hypothesis  for  this  study  was  that  BMSCs  would  also  accel¬ 
erate  healing  when  used  in  combination  with  HA  scaffolds 
in  the  rabbit  radius  segmental  defect.  In  addition,  the  sec¬ 
ondary  objective  was  to  determine  the  effect  of  seeding  den¬ 
sity  on  bone  regeneration.  The  major  findings  from  this 
study  included  [1]  no  significant  benefit  of  seeding  HA  scaf¬ 
folds  with  BMSCs  in  terms  of  regenerated  bone  volume 
within  the  scaffold,  [2]  a  significant  increase  in  callus  vol¬ 
ume  in  empty  scaffolds  as  compared  to  cell-seeded  scaffolds 
at  8  weeks  after  implantation,  and  [3]  an  increased  rate  of 
bone  apposition  in  the  initial  2  weeks  after  implanting  the 
defect  with  HA-high  scaffolds. 

A  number  of  studies  supported  a  role  for  improved 
bone  healing  when  BMSCs  were  used  to  augment  HA  scaf¬ 
folds  in  sheep  long-bone  defects^'^^'^'^'^^  and  in  a  rabbit 
radial  defect.^^'^®  Noteworthy  differences  between  previous 
studies  and  the  current  study  included  the  lack  of  osteo¬ 
genic  induction,  choice  of  evaluation  time  point,  and  use  of 
a  nonhealing  defect.  For  example,  a  more  challenging  radial 
defect  [1.5  cm)  in  rabbits  and  the  inclusion  of  the  osteo¬ 
genic  induction  of  cells  was  reported  to  improve  bone 
regeneration  at  3  months  after  implantation  when  compared 
with  control  nonseeded  scaffolds. Although  the  current 
findings  are  In  contrast  to  a  number  of  studies  demonstrat¬ 
ing  improved  bone  regeneration  with  cell  seeding,  our 
results  parallel  that  of  Ral  et  al.®  in  that  in  vitro  survivability 
and  expansion  were  observed,  but  the  transplantation  of 
undifferentiated  MSCs  failed  to  improve  bone  volume  in 
vivo.  Similarly,  uncultured  BMSCs  seeded  on  poly[L-lactic 
acid]  scaffolds  improved  bone  regeneration  in  a  calvarial 
defect  model;  however,  no  added  benefit  was  realized  when 
cells  were  seeded  on  HA  scaffolds.^®  Overall,  the  current 
findings  are  in  agreement  with  the  contention  that  the  dif¬ 
ferentiation  state  and  conditions  under  which  cells  are  cul¬ 
ture  expanded  before  implantation  influence  regenerative 
potential.^®'^^  The  increase  in  the  rate  of  bone  infiltration 
with  HA-high  scaffolds  is  in  agreement  with  the  observation 
that  HA  scaffolds  seeded  with  MSCs  played  a  major  role  in 
the  early  stages  of  osteogenesis.^®’^^'®”  Under  the  conditions 
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of  the  current  study,  it  is  possible  that  the  increased  bone 
infiitration  rate  may  be  due  to  impianted  MSCs  having  a 
positive  effect  on  eariy  ceil  recruitment,  but  thereafter  inter¬ 
rupted  the  normal  spatiotemporal  cascade  of  bone  healing 
through  the  rest  of  the  study  period.  This  speculation  is 
supported  by  observations  of  a  greater  increase  in  caiius 
voiume  and  rate  of  callus  formation  in  the  HA-empty  group 
at  4  and  8  weeks  when  compared  with  ceii-seeded  HA 
groups.  Aiternatively,  it  is  aiso  possibie  that  the  higher  rate 
of  bone  formation  in  the  HA-high  group  may  be  due  to  the 
seeded  ceiis  already  being  present  in  the  scaffolds  and 
bypassing  the  need  for  cell  migration  and  the  recruitment  of 
endogenous  osteogenic  cells.  This  speculation  is  supported 
by  the  observed  difference  in  callus  distribution  along  the 
length  of  the  implant  between  cell-seeded  HA  scaffolds  and 
HA-empty  scaffolds  at  8  weeks  after  implantation.  More  spe- 
cificaiiy  greater  caiius  content  was  observed  proximally 
with  HA-empty  scaffolds  when  compared  with  cell-seeded 
HA  scaffolds,  alluding  to  the  possibility  that  the  migratory 
osteogenic  cells  contributed  to  this  outcome.  With  the  sec¬ 
ondary  objective  to  determine  the  effect  of  seeding  density 
on  bone  regeneration,  the  cell  densities  selected  for  this 
study  were  similar  to  the  minimal  and  optimal  number  of 
cells  used  by  other  investigators  to  measure  bone  formation 
in  an  ectopic  model.^^  Based  on  the  resuits  of  this  study, 
the  high  celi  density  was  sufficient  to  accelerate  bone  depo¬ 
sition  through  2  weeks  after  implantation  but  was  not  suffi¬ 
cient  to  ultimately  cause  an  increase  in  bone  volume  at  4  or 
8  weeks.  In  contrast,  the  low  seeding  density  was  not  suffi¬ 
cient  to  influence  either  of  these  parameters.  In  comparison 
with  HA-empty  scaffolds,  limited  callus  formation  was  also 
observed  when  HA  scaffolds  were  seeded  with  either  high 
and  iow  ceii  densities.  These  observations  were  in  agree¬ 
ment  with  previous  studies  on  the  effect  of  cell  seeding  den¬ 
sities  on  mineralization  in  vitro  using  PCL-TCP  scaffolds’^'*^ 
and  in  vivo  bone  formation  using  calcium  phosphate  scaf¬ 
folds.^^  Other  observations  included  the  diffuse  or  distrib¬ 
uted  bone  formation  on  the  interior  surfaces  of  the  scaffold 
and  not  stemming  from  the  interfaciai  or  interosseous  bone 
fronts.  It  was  observed  that  diffuse  bone  formation  occurred 
in  all  but  one  of  the  cell-seeded  scaffolds  when  compared 
with  oniy  one  of  the  HA-empty  scaffoids.  When  considered 
in  conjunction  with  pCT  analyses,  this  suggests  that  ceii 
seeding  led  to  the  initiation  of  bone  formation  in  discrete 
areas  that  did  not  significantiy  contribute  to  a  substantial 
quantity  of  bone  volume  within  the  scaffoid. 

CONCLUSION 

In  this  study,  porous-interconnected  HA  scaffoids  were 
seeded  with  BMSCs,  and  the  construct  was  implanted  in  a 
rabbit  radius  segmental  defect  model  to  test  the  hypothesis 
that  ceii-seeded  HA  scaffolds  improve  bone  regeneration.  In 
addition,  the  effect  of  seeding  density  on  bone  regeneration 
was  determined  using  two  different  cell-seeding  densities. 
Although  high  ceii  seeding  on  HA  scaffoids  was  observed  to 
increase  the  rate  of  bone  apposition  in  the  initiai  2  weeks 
after  implantation,  it  was  concluded  from  this  study  that  the 


seeding  of  HA  scaffoids  with  MSCs  offered  littie  to  no  bene¬ 
fit  in  increasing  regenerated  bone  volume  within  the  scaf¬ 
foid,  increasing  caiius  volume,  or  increasing  rate  of  caiius 
formation. 
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